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EGF Receptor Signaling Stimulates SRC Kinase
Phosphorylation of Clathrin, Influencing
Clathrin Redistribution and EGF Uptake
1997). Different receptors have different requirements
for their entry into coated pits. Those binding nutrients
or inert cargo, such as the transferrin receptor, are inter-
nalized in the presence or absence of bound ligand,
whereas signaling receptors, such as receptor tyrosine
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binding for uptake. In this study, we characterize a noveland Pharmaceutical Chemistry
aspect of ligand-induced endocytosis of the epidermal2Department of Physiology
growth factor receptor (EGFR) and demonstrate that3Departments of Neurology and Anatomy
receptor signaling, upon ligand binding, stimulates mod-University of California, San Francisco
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stitutively endocytosed receptors and those whose en-Fred Hutchinson Cancer Research Center
docytosis is ligand induced is that the adaptor recog-1100 Fairview Avenue North
nition signal is constitutively accessible in the former,Seattle, Washington 98109-1024
but cryptic in the latter, until ligand binding has oc-
curred. For example, ligand binding to EGFR causes
receptor tyrosine kinase activation and autophosphory-Summary
lation (Schlessinger and Ullrich, 1992). This results in
a structural change that exposes coated pit targetingEpidermal growth factor (EGF) binding to its receptor
motifs in the cytoplasmic domain (Cadena et al., 1994).causes rapid phosphorylation of the clathrin heavy
However, there is considerable evidence that ligand-chain at tyrosine 1477, which lies in a domain control-
induced endocytosis involves additional regulatory eventsling clathrin assembly. EGF-mediated clathrin phos-
beyond the mere exposure of an internalization motifphorylation is followed by clathrin redistribution to the
for adaptor binding. Downstream receptor signaling iscell periphery and is the product of downstream acti-
necessary for EGFR internalization (Lamaze and Schmid,vation of SRC kinase by EGF receptor (EGFR) signal-
1995) and also for internalization of G protein±coupleding. In cells lacking SRC kinase, or cells treated with
receptors (Ferguson et al., 1996; Freedman and Lefkowitz,
a specific SRC family kinase inhibitor, EGF stimulation
1996). In addition, endocytosis of both of these classes
of clathrin phosphorylation and redistribution does not
of ligand-gated receptors is associated with recruitment
occur, and EGF endocytosis is delayed. These obser-
of clathrin to the plasma membrane. Activation of EGFR
vations demonstrate a role for SRC kinase in modifica-
and other receptor tyrosine kinases causes an increase
tion and recruitment of clathrin during ligand-induced in the number of plasma membrane coated pits (Con-
EGFR endocytosis and thereby define a novel effector nolly et al., 1984; Corvera, 1990; Grimes et al., 1996). For
mechanism for regulation of endocytosis by receptor the b2-adrenergic G protein±coupled receptor, agonist
signaling. binding induces phosphorylation of its cytoplasmic do-
main, which then associates with b-arrestin 1, a clathrin-
Introduction binding protein (Goodman et al., 1996). The implication
of downstream signaling and effects on clathrin in sev-
Receptor-mediated endocytosis allows the specific re- eral examples of ligand-induced endocytosis suggested
moval of cell surface receptors and their cargo from a possible relationship between these processes, partic-
the plasma membrane and targets them to endosomes, ularly in the case of the dramatic clathrin recruitment
where they are sorted for downregulation or recycling following receptor tyrosine kinase activation. To investi-
(Pearse and Robinson, 1990). This process is initiated gate this, we set out to establish how EGF binding to
by recruitment of the receptor into a clathrin-coated pit EGFR might affect clathrin distribution.
at the plasma membrane, a structure formed by assem- Ligand stimulation of EGFR activates the receptor ty-
bly of clathrin and adaptors into a protein lattice on the rosine kinase and a number of downstream cellular ki-
membrane's cytosolic face. Polymerization of clathrin nases. Kinase activation and phosphorylation of clathrin-
into a hexagonal array provides a scaffold for organizing coated vesicle components have already been implicated
the adaptors, which recognize sequence motifs in the directly and indirectly in the regulation of endocytosis
cytoplasmic domains of internalized receptors (Schmid, (Fallon et al., 1994; Holen et al., 1995; Lamaze and
Schmid, 1995; Wilde and Brodsky, 1996; Slepnev et al.,
1998). We have previously shown that even during con-5 To whom correspondence should be addressed (e-mail: fmarbro@
itsa.ucsf.edu). stitutive endocytosis, cytosolic phosphorylation of adap-
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composed of three heavy chains of 192 kDa and three8 Present address: Department of Neurology, Stanford University
School of Medicine, Stanford, California 94305. light chain subunits (25±29 kDa), of which there are two
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types in mammalian cells, LCa and LCb (Brodsky, 1988). threonine kinase activity, had no effect. Staurosporin
In cultured cells, both the clathrin heavy chain (CHC) and herbimycin A inhibit the activity of receptor tyrosine
and LCb were phosphorylated at low levels (Wilde and kinases and cytosolic tyrosine kinases. It was therefore
Brodsky, 1996). The CHC phosphorylation was on tyro- necessary to determine which type of kinase was re-
sine residues, while LCb was serine phosphorylated. In sponsible for the direct phosphorylation of clathrin in
an earlier study of chicken embryo fibroblasts trans- the presence of EGF, in order to understand how ligand
formed by Rous sarcoma virus (RSV) (Martin-Perez et binding might influence clathrin recruitment.
al., 1989), an increase in the basal level of CHC tyrosine
phosphorylation had been observed, which correlated
EGFR Kinase Activity Is Necessary but Notwith an increase in plasma membrane clathrin, relative
Sufficient for CHC Phosphorylationto the clathrin phosphorylation and distribution in non-
The cytoplasmic portion of EGFR is composed of atransformed cells. These observations suggested that
membrane-proximal tyrosine kinase domain, which be-CHC phosphorylation might be related to clathrin re-
comes activated upon ligand binding, and a more distalcruitment. Here we demonstrate that these molecular
regulatory domain, which is a target for phosphorylationevents both depend on EGFR activation of SRC kinase,
by an adjacent activated EGFR (Chen et al., 1989;which phosphorylates clathrin at a site that mediates
Schlessinger and Ullrich, 1992). The regulatory domaincritical intermolecular interactions during clathrin self-
contains the binding sites for accessory proteins in-assembly (Blank and Brodsky, 1987; NaÈ thke et al., 1992).
volved in initiation of signaling and activation of cyto-Inhibition or genetic deletion of SRC kinase activity also
solic kinases. EGFR kinase was isolated by immunopre-delays EGF uptake, providing a molecular link between
cipitation from A431 cells and was tested for its abilityreceptor signaling and induction of regulated endocy-
to phosphorylate a recombinantly expressed fragmenttosis.
of clathrin, constituting the hub domain of the clathrin
triskelion. This fragment, comprising the C-terminal thirdResults
of the CHC (Liu et al., 1995), was known to contain the
in vitro target site for CHC phosphorylation as describedEGF Stimulation Causes CHC Tyrosine
in further studies (see below). As a positive control forPhosphorylation and Clathrin Redistribution
receptor kinase activity, a bacterially expressed proteinTo investigate the role of CHC tyrosine phosphorylation
containing the regulatory domain of EGFR (CT) fusedin endocytosis and clathrin recruitment, we character-
to glutathione S-transferase (CT-GST) was tested forized these events during synchronized EGFR endocyto-
phosphorylation. When kinase activity was stimulatedsis by A431 cells. EGF was bound to A431 cells at 48C,
in the presence of g-32P-ATP, the CT-GST was phos-followed by warming the cells to 378C, in the continued
phorylated but the recombinant hub fragment was not,presence of EGF. Cells were lysed at various times after
warming, CHC was immunoprecipitated, and its phos- indicating that clathrin is not a direct target of EGFR
phorylation state assessed by immunoblotting with the kinase (Figure 3A). The role of EGFR tyrosine kinase in
phosphotyrosine-specific monoclonal antibody (mAb) CHC phosphorylation was investigated further using the
4G10. Within 10 min of initiating EGF endocytosis, the EGFR-negative B82 cell line, transfected with either
level of CHC tyrosine phosphorylation typically in- wild-type or mutant forms of EGFR (Chen et al., 1987,
creased greater than 10-fold, with phosphorylation de- 1989) (Figure 3B). Only wild-type EGFR (K1) was capable
tectable as early as 2 min following warming (Figures of tyrosine phosphorylation of CHC. EGF binding to
1A and 1B). This ligand-induced phosphorylation was EGFR with a kinase-inactivating mutation (K2), trun-
followed by a dramatic redistribution of clathrin, visual- cated EGFR with active kinase but no regulatory domain
ized by immunofluorescent confocal microscopy within (958), or truncated EGFR with a kinase-inactivating mu-
10 min of initiation of endocytosis (Figures 1C and 1D). In tation also lacking the regulatory domain (M958) did not
the absence of EGF, clathrin had a punctate distribution stimulate CHC phosphorylation. These findings demon-
throughout the cell with a typical crescent-shaped con- strate that EGFR kinase activity is necessary for CHC
centration in the trans-Golgi network (TGN) perinuclear phosphorylation, but not sufficient, suggesting that
region. In the presence of EGF, clathrin had a predomi- downstream signaling is required to activate the kinase
nantly peripheral membrane distribution. In fact, the responsible for CHC modification.
staining of the TGN region was rarely detectable, relative
to the increased intensity of the peripheral staining. The
Inhibition of SRC Family Kinases Affects Clathrinchange in overall immunofluorescent staining pattern
Phosphorylation, Recruitment, and EGF Uptakelikely reflects the quantitated increase in plasma mem-
SRC family kinases were candidates for mediating CHCbrane clathrin-coated pits reported in earlier electron
phosphorylation because they can be activated uponmicroscopy studies of EGF effects (Connolly et al.,
EGF stimulation (Baass et al., 1995), pp60v-src-trans-1984).
formed cells show increased clathrin phosphorylationTo establish a connection between tyrosine phos-
(Martin-Perez et al., 1989), and SRC family kinases arephorylation of CHC and the EGF-induced redistribution
observed in clathrin-coated vesicles in platelets (Sten-of clathrin, cells were treated with the kinase inhibitors
berg et al., 1997). To determine whether SRC familyH7, herbimycin A, and staurosporin prior to and during
kinases could be the effectors for CHC tyrosine phos-EGF stimulation. Only the tyrosine kinase inhibitors her-
phorylation in A431 cells, their activity was analyzedbimycin A and staurosporin prevented EGF-induced
following EGF stimulation (Figure 4A). Three kinases,clathrin redistribution and prevented CHC tyrosine phos-
phorylation (Figure 2). H7, which inhibits serine and pp60c-src, pp59fyn, and pp62yes, were immunoprecipitated
Clathrin Phosphorylation in EGF Endocytosis
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Figure 1. EGF Stimulation of A431 Cells Leads
to CHC Tyrosine Phosphorylation and Periph-
eral Recruitment of Clathrin
A431 cells were serum starved, then incu-
bated for 1 hr in the presence or absence of
EGF at 48C, followed by warming to 378C for
0, 5, 10, or 20 min in the continued presence
or absence of EGF.
(A) At the indicated time, after warming to
induce EGF uptake, clathrin was immunopre-
cipitated from cell lysates and immunoblot-
ted for clathrin heavy chain (CHC) and phos-
photyrosine (Y-P), using the mAbs TD.1 and
4G10, respectively. Blots were stripped be-
tween exposure to different antibody probes.
The arrowheads indicate the position of CHC.
(B) Immunoblot images in (A) were quantified,
using the NIH Image software, and the ratio of
the 4G10 to TD.1 signal is plotted to normalize
the degree of tyrosine phosphorylation (Y-P)
to the levels of CHC immunoprecipitated.
(C) A431 cells were treated with EGF or mock
treated, as above, warmed for 20 min, and
processed for immunofluorescent staining of
clathrin using the anti-CHC mAb X22 and sec-
ondary antibody conjugated to fluorescein. Z
section images were recorded by confocal
microscopy. Bar is 10 mm and applies to all
panels.
(D) A431 cells were treated with EGF as de-
scribed above and were processed for immu-
nofluorescent staining of clathrin, as in (C).
Images were recorded by confocal micros-
copy after warming to induce EGF uptake for
the indicated time. Bars, 10 mm.
from A431 cell lysate prepared 5 min after EGF internal- detected during the first 5 min of EGF uptake (Figure
4E) but was less pronounced after longer periods ofization was induced. As assessed by their ability to
phosphorylate the substrate enolase (Feder and Bishop, EGF exposure (data not shown). This correlates with the
inhibition of CHC phosphorylation, which is detectable1990), EGF-dependent activation of pp60c-src and pp62yes
was observed, but pp59fyn was not activated, although as early as 2 min after EGF exposure (Figures 1A and
1B). However, the extensive redistribution of clathrinit was present in A431 cells. PP1, an inhibitor of SRC
family kinases (Hanke et al., 1996), was used to block occurs with a longer time course (Figure 1D), so it may
not be directly related to early endocytic events.activation of these kinases by EGF, and CHC tyrosine
phosphorylation was significantly reduced (Figure 4B).
To confirm that the PP1 inhibitor was, in this case, spe- CHC Is a Substrate for pp60c-src In Vitro and In Vivo
in the Assembly Control Domaincific for SRC family kinases and did not simultaneously
reduce EGFR tyrosine kinase activity, the EGF-induced The effects of PP1, combined with analysis of activated
SRC family kinases, implicate pp60c-src and/or pp62yesautophosphorylation of EGFR was evaluated when cells
were stimulated in the presence of PP1 or genistein in EGF-dependent CHC phosphorylation and clathrin
redistribution to the periphery of A431 cells. To assess(Figure 4C). After incubation with EGF, plus or minus
inhibitor, EGFR was immunoprecipitated and its phos- the role of these kinases directly, cells with altered ex-
pression of SRC family kinases were tested for theirphorylation was assessed. The broad tyrosine kinase
inhibitor genistein significantly reduced the amount of steady-state levels of clathrin phosphorylation and their
ability to phosphorylate clathrin in response to EGFEGFR autophosphorylation in response to EGF, whereas
treatment of cells with PP1, at concentrations blocking treatment. In transfected 3T3 cells expressing high lev-
els of pp60c-src (Lin et al., 1995), a 10-fold increase ofEGF-induced CHC phosphorylation, had no effect on
EGFR autophosphorylation. Thus, the PP1 inhibitor af- steady-state CHC tyrosine phosphorylation was de-
tected compared to wild-type 3T3 cells, suggesting thatfects CHC tyrosine phosphorylation directly by block-
ing SRC family kinase activity and not by blocking pp60c-src is a potential CHC kinase in vivo (Figure 5A).
Fibroblast cell lines produced from mice lacking expres-EGFR kinase activity. PP1 treatment also blocked EGF-
induced clathrin recruitment to the cell periphery (Figure sion of various SRC family kinases were then tested for
CHC phosphorylation upon EGF stimulation (Figure 5B).4D) and delayed EGF uptake (Figure 4E). Interestingly,
in the presence of PP1 a delay in EGF endocytosis was Cell lines from mice with a homozygous deletion of only
Cell
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Figure 3. Full-Length, Kinase-Active EGFR Is Necessary but Not
Sufficient for EGF-Dependent CHC Phosphorylation
(A) EGFR was immunoprecipitated from A431 cells and incubated
with EGF and g-32P ATP alone (lane 1), with purified CHC hub frag-
ment (lane 2), or with purifed GST fusion protein comprising the
EGFR carboxy-terminal regulatory domain (CT) (lane 3). The kinase
reaction was analyzed by SDS-PAGE, blotting onto nitrocellulose,
and autoradiography (left). Protein fragments were detected on the
blot by amido black staining (right). Migration positions of molecular
weight marker proteins (in kilodaltons) are indicated at the left.
(B) B82 mouse L cells expressing different forms of EGFR (wild-
Figure 2. Tyrosine Kinase Inhibitors Prevent EGF-Dependent CHC type and mutant) were serum starved and incubated in the presence
Phosphorylation and Redistribution of Clathrin or absence of EGF at 48C. After warming 20 min, cell lysates were
prepared and clathrin immunoprecipitated using the mAb X22. CHC(A±E) A431 cells were serum starved and treated with either 0.1%
tyrosine phosphorylation was analyzed by immunoblotting with mAbDMSO (A and B), 100 mM H7 (C), 1 mg/ml herbimycin A (D), or 50
4G10. The EGFR transfectants are designated as follows: K1, full-nM staurosporin (E) for 3 hr prior to EGF treatment (B, C, D, and E)
length wild-type EGFR; K2, full-length kinase-inactivated EGFR; 958,or mock treatment (A) at 48C. After warming to 378C for 20 min,
EGFR truncated at residue 958 lacking the C-terminal regulatoryin the presence of inhibitor or DMSO, cells were processed for
domain; M958, the same as 958 but has a point mutation renderingimmunofluorescent staining of clathrin using mAb X22 and a sec-
the kinase domain inactive.ondary goat anti-mouse antibody conjugated to fluorescein and
visualized by confocal microscopy. Bar is 10 mm and applies to all
panels. of subfragments of the hub made it possible to identify a(F) A431 cells were cultured with inhibitor and treated with EGF or
single pp60c-src target site. A CHC hub fragment encodingmock treated, as in (A)±(E). Clathrin was immunoprecipitated from
the amino acids 1074±1483 was a substrate for pp60c-src,cell lysates, and tyrosine phosphorylation was analyzed by immu-
noblotting with mAb 4G10. CHC designates the position of the but a fragment encoding the amino acids 1074±1460
clathrin heavy chain. was not. Between amino acids 1460 and 1483, there is
a single tyrosine residue at position 1477, with acidic
amino acids to the N-terminal side of it and a leucine
residue three positions C-terminal to it (Figure 6B). Thispp60c-src (1S and 1T) (Thomas et al., 1991) or lacking
both pp60c-src and pp62yes (Stein et al., 1994), but not lines is compatible with a SRC family kinase consensus se-
quence previously described (Songyang et al., 1993).lacking both pp62yes and pp59fyn, showed a significant
reduction in CHC phosphorylation in response to EGF, The region of the CHC in which tyrosine 1477 is located
is predicted to interact with clathrin light chains andidentifying pp60c-src as the kinase responsible.
The target site for CHC phosphorylation by pp60c-src is generally thought to be an assembly control region
(NaÈ thke et al., 1992).was then mapped in vitro and in vivo (Figure 6). Purified
recombinant pp60c-src (Morgan et al., 1991) phosphory- To determine whether in vivo phosphorylation of CHC,
induced by EGF binding, also mapped to tyrosine 1477,lated the CHC of purified clathrin (residues 1±1675) and
bacterially expressed recombinant CHC hub domain a site-specific mutation to phenylalanine (Y1477F) was
engineered in a construct encoding the full-length hu-(residues 1074±1675), to the same level, based on stoi-
chiometry of 32P modification (data not shown). These man CHC (Nomura et al., 1994). An epitope tag, from
T7 phage (Lutz-Freyermuth et al., 1990), was added forobservations indicate that the target for CHC tyrosine
phosphorylation is in the CHC hub domain. Accordingly, expression at the N terminus of the mutant. As a control,
the wild-type human CHC was similarly epitope tagged,pp60c-src did not phosphorylate the N-terminal domain
of CHC (residues 1±545) when tested against bacterially so that the fate of wild-type and mutant transfected
clathrin could be analyzed. Both constructs were inde-expressed recombinant fragments of bovine CHC (Liu
et al., 1995) (Figure 6A). The pattern of phosphorylation pendently transfected into A431 cells, and stable clones,
Clathrin Phosphorylation in EGF Endocytosis
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expressing the constructs at a low level, were isolated.
Low-level expression was favored intentionally by our
transfection strategy, so that expression of the mutant
CHC would not result in dominant-negative inhibition of
clathrin function. Morphological analysis of transfec-
tants expressing the wild-type or mutant CHC, by stain-
ing with anti-T7 mAb, revealed a very weak but normal
punctate clathrin staining pattern for the transfected
CHCs (data not shown), indicating that they were in-
corporated into endogenous clathrin-coated vesicles.
Transfectants were stimulated with EGF, and the epi-
tope-tagged Y1477F CHC and wild-type CHC were im-
munoprecipitated with anti-T7 mAb. Y1477F CHC was
not detectably tyrosine phosphorylated compared to
transfected wild-type CHC in response to EGF stimula-
tion (Figure 6C). In some experiments, a background
level of tyrosine phosphorylation of Y1477F CHC was
detectable, at a very low level, which might be due to
infrequent trimerization of the mutant CHC with endoge-
nous CHC. In our experience with expression of trans-
fected clathrin hub molecules, transfected CHCs do not
seem to trimerize at significant levels with endogenous
CHCs (Liu et al., 1998). We therefore conclude from the
mutant data that the major CHC site phosphorylated
during ligand-induced endocytosis of EGF is tyrosine
1477, the target of pp60c-src kinase.
Loss of pp60c-src Activity Prevents Clathrin
Redistribution and Delays EGF Endocytosis
To determine whether pp60c-src kinase phosphorylation
of CHC, in response to EGF, is related to peripheral re-
cruitment of clathrin, we analyzed EGF-mediated clathrin
redistribution in mouse cell lines lacking expression of
pp60c-src kinase (Figure 7A). Recruitment was measured
biochemically in these cells. Levels of clathrin asso-
ciated with the plasma membrane fraction, after EGF
stimulation, were determined by quantitative immuno-
blotting. In the cell line 1T, produced by SV40T transfor-
mation of fibroblasts from an embryo lacking pp60c-src,
there was no significant clathrin recruitment in response
to EGF, compared to the 8T line transformed by SV40Figure 4. SRC Family Kinases Are Activated following EGF Stimula-
T antigen from wild-type embryo fibroblasts. Interest-tion, and Inhibition Affects CHC Phosphorylation, Clathrin Redistri-
ingly, 3T3-like wild-type mouse fibroblast lines, pro-bution, and EGF Uptake
duced without SV40 transformation, did not display(A) A431 cells were serum starved and incubated with EGF or mock
treated at 48C. After warming to 378C for either 0 or 5 min, the SRC measurable clathrin recruitment in response to EGF
family kinases pp59fyn (fyn), pp60c-src (src), and pp62yes (yes) were (data not shown), even though they can phosphorylate
immunoprecipitated from cell lysates. Immunoprecipitates were in- clathrin upon EGF treatment. This indicates that CHC
cubated with g-32P ATP and acid-denatured enolase, a substrate
for kinase activity. Enolase phosphorylation was detected following
SDS-PAGE and autoradiography.
(B) A431 cells were cultured and stimulated with EGF for 5 min at
378C, as described in (A). Prior to EGF stimulation cells were incu- ized to the amount of EGFR immunoprecipitated.
bated in presence or absence of 1 mM PP1 for 15 min. Lysates were (D) A431 cells were serum starved and incubated in the presence
prepared and clathrin immunoprecipitated using the mAb X22, and or absence of 1 mM PP1 for 15 min, prior to treatment with EGF for
phosphorylation was detected by immunoblotting with the mAb 1 hr at 48C. After warming to 378C for 20 min, cells were processed
4G10. for immunofluorescent staining with mAb X22 and visualized by
(C) A431 cells were cultured and stimulated with EGF for 5 min confocal microscopy to determine the localization of clathrin. Bar,
at 378C, as described in (A), and lysates prepared. Prior to EGF 10 mm.
stimulation, cells were incubated (1) in the absence of inhibitor, (2) (E) A431 cells were serum starved and incubated with (1) 0.1%
with 1 mM PP1 for 15 min, or (3) with 50 mM genistein, and inhibitors DMSO or (2) 1 mM PP1 for 15 min prior to treatment with 20 ng/ml
were present during stimulation. EGFR was immunoprecipitated EGF conjugated to Texas red at 48C. Cells were then warmed to
using antibody 986 and immunoblotted to detect EGFR with anti- 378C for 5 min, after which the uninternalized cell surface ligand
body 986 or phosphotyrosine (Y-P) with antibody 4G10. The blotting was stripped by an acid wash, and cells were fixed in 4% paraformal-
signals were quantified using NIH Image software and the ratios dehyde. The distribution of Texas red±labeled EGF was visualized
plotted to determine the degree of receptor phosphorylation normal- by fluorescence microscopy. Bar, 10 mm.
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Figure 5. CHC Is Phosphorylated by pp60c-src In Vivo
(A) Clathrin was immunoprecipitated from 3T3 murine fibroblasts
Figure 6. Tyrosine 1477 of CHC Is a Substrate for pp60c-src In Vitroexpressing normal and elevated (1src) levels of pp60c-src (Lin et al.,
and In Vivo1995). Immunoprecipitates were immunoblotted for clathrin heavy
(A) Clathrin purified from bovine brains or bacterially expressedchain (CHC) and tyrosine phosphorylation (Y-P) using the mAbs TD.1
fragments of bovine clathrin were incubated with purified recombi-and 4G10, respectively (stripping the blot between using different
nant pp60c-src and g-32P ATP. Phosphorylation was analyzed by SDS-antibody probes) (left). The blotting signals were quantified using
PAGE and autoradiography. Samples are as follows: purified bovineNIH Image software and the ratios plotted to determine the degree
clathrin (lane 1), pp60c-src alone (lane 2), bovine CHC amino acidsof CHC phosphorylation normalized to the amount of CHC immuno-
1074±1675 (lane 3), bovine CHC amino acids 1074±1483 (lane 4),precipitated (right).
bovine CHC amino acids 1074±1460 (lane 5), bovine CHC amino(B) Cell lines produced from mice lacking expression of different
acids 1213±1522 (lane 6), and bovine CHC amino acids 1±545 (laneSRC family kinases were cultured and stimulated with EGF for 20
7). Note that pp60c-src was present in all samples, and its degree ofmin at 378C, as described for A431 cells. Cell lysates were prepared
autophosphorylation was variable. The asterisk to the right of theand clathrin immunoprecipitated using mAb X22. Immunoprecipi-
relevant lane denotes the migration position of CHC and bacteriallytates were immunoblotted for CHC and Y-P and the ratio of the
expressed clathrin fragments, as determined by amido black stain-signals quantified, as in (A). Cell lines tested were (1) 1src 3T3
ing (data not shown) of the nitrocellulose. Note that only phosphory-transfectant, shown in (A); (2) SV40T-transformed fibroblasts from
lated clathrin and fragments and phosphorylated pp60c-src are visible.mice lacking both pp60c-src and pp62yes (SY1T); (3) 3T3-like fibroblasts
(B) A diagrammatic representation of CHC and the fragments testedfrom mice lacking both pp62yes and pp59fyn (FY1S); (4) 3T3-like fibro-
and their ability to become phosphorylated by pp60c-src. The under-blasts from mice lacking pp60c-src (1S); (5) 3T3-like fibroblasts from
lined sequence denotes the CHC sequence homologous to the SRCwild-type mice (8S); (6) SV40T-transformed fibroblasts from mice
consensus sequence.lacking pp60c-src (1T); and (7) SV40T-transformed fibroblasts from
(C) Stably transfected A431 cells expressing either T7 epitope±wild-type mice (8T).
tagged wild-type (wt) CHC or T7 epitope±tagged CHC containing a
single point mutation (Y1477F) were serum starved and incubated
for 1 hr with EGF at 48C. After warming to 378C for 20 min, lysatesphosphorylation is necessary but not sufficient for EGF-
were prepared and the T7 epitope±tagged CHCs immunoprecipi-
mediated clathrin recruitment and that other factors are tated using a mAb recognizing the T7 epitope. Immunoprecipitates
involved. were immunoblotted for the T7 epitope (T7) to detect the CHC (top
The lack of clathrin recruitment in the pp60c-src-minus panel) and for phosphotyrosine (Y-P) (bottom panel). Blots were
stripped between exposure to the different antibody probes.1T cells relative to the wild-type 8T cells reproduces the
effect of PP1 inhibitor on A431 cells, relating pp60c-src-
mediated phosphorylation to clathrin redistribution. To
determine whether the lack of pp60c-src also caused a showed that the rate of uptake by the pp60c-src-minus
1T cells was slowed relative to the rate for 8T cells, withdelay in EGF endocytosis, as seen with PP1 treatment
of A431 cells, the 1T and 8T cells were exposed to either the rates equalizing after 1 min of EGF exposure (Figure
7B). Internalization of the Oregon green EGF showed125I-EGF or Oregon green±labeled EGF, and uptake was
assessed. Kinetic analysis of internalization of 125I-EGF little detectable endocytosis up to 3 min (Figure 7C) in
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1T cells, while internalization was readily visible over
the same period for 8T cells. Oregon green EGF uptake
was detectable in 1T cells from 5±20 min, but EGF accu-
mulated more peripherally in the 1T cells than the 8T
cells, suggesting a delay in intracellular targeting as well
as in endocytosis (Figure 7D). This delay in the early
stages of EGF-induced endocytosis for cells lacking
pp60c-src corresponded to the same time course of the
delay observed for EGF-induced endocytosis by PP1-
treated A431 cells (Figure 4E).
Discussion
We report that EGFR signaling, in response to EGF bind-
ing, stimulates SRC kinase activity which is required for
CHC phosphorylation and clathrin redistribution to the
cell periphery, indicating that downstream receptor sig-
naling has a direct effect upon the endocytic machinery.
Specific inhibition or genetic deletion of SRC family ki-
nase activity delays endocytosis of EGF. These results
suggest that EGFR signaling can regulate clathrin-medi-
ated membrane traffic and thereby defines a novel path-
way in ligand-induced endocytosis for this receptor.
Regulation of Endocytosis by CHC Modification
and Clathrin Recruitment
Ligand-induced endocytosis represents the extreme sit-
uation in which clathrin-mediated endocytosis is regu-
lated, since receptor uptake occurs only when ligand
has bound. This process is characteristic of some sig-
naling receptors and although each receptor has unique
aspects to its uptake, there seem to be some shared
regulatory features, such as exposure of adaptor-bind-
ing motifs by receptor signaling (Schmid, 1997). A sec-
ond one, established here, is a signaling-dependent ef-
fect on clathrin. This has already been described for
endocytosis of the b2-adrenergic G protein±coupled re-
ceptor, which, when ligand-activated, binds b-arrestin,
a protein that interacts directly with clathrin (Ferguson
et al., 1996; Freedman and Lefkowitz, 1996; Goodman
et al., 1996). Here we demonstrate that ligand activa-
tion of EGFR, a receptor tyrosine kinase, has a related
mechanism, since it influences clathrin recruitment and
causes direct modification of clathrin itself. Inhibition of
EGF-induced clathrin phosphorylation has several ef-
fects, suggesting that this modification may influence
EGF endocytosis at more than one step. Early stages
of ligand-gated EGF uptake are delayed in the absence
of CHC phosphorylation, due to an initial slowed rate of
Figure 7. Genetic Deletion of pp60c-src Affects EGF-Induced Clathrin
Redistribution and Delays Uptake
(A) SV40T-transformed fibroblasts from mice lacking pp60c-src (1T) and from wild-type mice (8T) were serum starved and exposed to
and from wild-type mice (8T) were serum starved, followed by EGF 125I-EGF at 48C. Cells were warmed for the indicated time, then
treatment or mock treatment at 48C. After warming for 20 min, cells chilled and the percent of internalized 125I-EGF determined. The data
were homogenized and the plasma membrane fraction isolated by shown are typical of four independent experiments and are gener-
differential centrifugation. This fraction was then assayed for total ated from duplicate samples for which the error bars were too small
protein, and equivalent samples from each culture were analyzed to plot.
for the presence of clathrin by immunoblotting with mAb TD.1 (top). (C and D) SV40T-transformed fibroblasts from mice lacking pp60c-src
Blotting signals were quantified using NIH image software, and the (1T) and from wild-type mice (8T) were serum starved and exposed
percent increase of CHC detected in the plasma membrane fraction to EGF conjugated to Oregon green at 48C. Cells were warmed for
in the presence of EGF (bottom) was calculated for each cell line 3 min (C) or 20 min (D), then chilled, acid stripped to remove surface-
as follows (CHC with EGF)2(CHC without EGF)/(CHC without EGF). bound EGF, and viewed for fluorescence. Bars are 10 mm and apply
(B) SV40T-transformed fibroblasts from mice lacking pp60c-src (1T) to all panels.
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uptake. In addition, EGF is not as efficiently concen- chain±binding region of CHC, which is in progress (J. A.
Ybe et al., unpublished data), confirms that tyrosine 1477trated in perinuclear vesicles after 20 min of uptake by
pp60c-src-minus cells unable to phosphorylate clathrin. is solvent exposed and located near the predicted light
chain±binding site. The clathrin light chain subunits neg-Furthermore, the dramatic peripheral clathrin recruit-
ment observed after 10 min of sustained EGF treatment atively regulate spontaneous clathrin assembly, so that
cellular clathrin assembly is adaptor dependent (Unge-is inhibited when CHC phosphorylation is inhibited.
These observations indicate that clathrin phosphoryla- wickell and Ungewickell, 1991; Ybe et al., 1998). It is
possible that tyrosine phosphorylation of residue 1477tion has an immediate effect on enhancing EGF endocy-
tosis and a subsequent effect on clathrin accumulation causes an increase in clathrin assembly by directly af-
fecting CHC interactions or that it affects assembly indi-in the periphery and on intracellular targeting of EGF.
The slowed intracellular targeting could reflect initial rectly by negating the inhibitory effects that light chains
have on assembly. Alternatively, tyrosine phosphoryla-delays in endocytosis, but it could also reflect an alter-
ation in endosomal sorting of EGF. In an earlier study tion of CHC could recruit a protein that might enhance
assembly or enhance transport of clathrin to the cell(Felder et al., 1990), EGF receptors mutant in signaling
were observed to have a short-term slowed rate of endo- periphery. Whether clathrin recruitment directly influ-
ences EGF uptake by increasing the local concentra-cytosis, similar to what we observe in pp60c-src-minus
cells, and a defect in sorting from multivesicular bodies. tion of clathrin and promoting coated pit formation or
whether the regulatory mechanism is more complex,Both of these effects could be explained by lack of
pp60c-src phosphorylation of CHC, based on the findings possibly relating to changing the intracellular dynamics
of clathrin, will be the focus of future studies. It should bereported here. Clathrin phosphorylation is in a region
of the molecule that controls assembly, so immediate pointed out that the phosphorylation and recruitment of
clathrin represent only a subset of the molecular require-phosphorylation of local pools of clathrin upon EGF sig-
naling could influence local coated pit formation. In addi- ments for EGF endocytosis. In our analysis of mouse
fibroblasts, CHC phosphorylation was found to be nec-tion, sustained treatment with EGF causes accumulation
of clathrin in cell periphery dependent on CHC phos- essary and sufficient for clathrin recruitment in some
cell lines (SV40 transformed) but not sufficient in othersphorylation, suggesting a sustained effect on clathrin
dynamics, which could have an effect on receptor traffic (3T3-like), implicating additional factors.
The work reported in this study suggests that pp60c-srcin the endosome.
Controlling clathrin phosphorylation and recruitment is the kinase responsible for CHC tyrosine phosphoryla-
tion, at least in murine fibroblasts. A role for pp60c-src incould possibly play a role in other instances of ligand-
induced endocytosis and may, under certain circum- EGFR endocytosis was previously indicated by the ef-
fect of its overexpression, which increased the internal-stances, influence constitutive endocytosis. For example,
tyrosine kinase inhibitors have been shown to reduce ization rate of EGFR (Ware et al., 1997). Our findings
suggest the mechanism by which the overexpresseduptake of the asialoglycoprotein receptor (Fallon et al.,
1994). Some signaling receptors, like FceR1, do not in- pp60c-src regulates enhanced endocytosis of EGFR could
be its phosphorylation of CHC. In other situations, differ-duce clathrin recruitment and therefore must rely on
other regulatory pathways (Santini and Keen, 1996). ent SRC family kinase members may be responsible
for modification of clathrin. Different tissues expressHowever, clathrin recruitment to the plasma membrane
has been observed following insulin, nerve growth factor different SRC family kinases, and clathrin-coated vesi-
cles contain subsets of those kinases. Electron micros-(NGF), and carbachol treatment of cells (Connolly et
al., 1981; Geisow and Childs, 1985; Corvera, 1990). In copy studies of platelets have shown that the SRC family
kinases pp59fyn, pp56fgr, pp56lyn, and pp56lck, but notaddition, expression of the Nef protein of human immu-
nodeficiency virus, which causes increased internaliza- pp60src, colocalize with clathrin to intracellular vesicles
delivering material to the platelet granule (Stenberg ettion of CD4 and which binds the SRC family kinase
pp56lck (Baur et al., 1997), results in an increase in the al., 1997). We have observed enrichment of pp62yes in
bovine brain coated vesicles (A. W. and F. M. B., unpub-number of coated pits at the plasma membrane (Foti et
al., 1997). These observations suggest these instances lished observations). In the case of a pathway as impor-
tant as regulated endocytosis, it would not be surprisingof ligand-induced clathrin recruitment may also be
if, in different tissues, different SRC family kinases couldlinked to CHC phosphorylation. In fact, NGF activation
mediate clathrin phosphorylation. In fact, this is likelyof its receptor causes tyrosine phosphorylation of CHC
because the phenotype of mice lacking pp60c-src wouldand redistribution of clathrin to the cell periphery, similar
be more dramatic if ligand-induced uptake of tyrosineto EGF treatment (E. C. B. et al., unpublished observa-
kinase receptors were globally impaired. As with othertions).
pp60c-src functions in these mice, it is presumed that
other SRC family kinases can compensate for pp60c-src
Regulation of Clathrin Assembly and Endocytosis defects in this receptor signaling pathway (Lowell and
by SRC Family Kinases Soriano, 1996).
We have identified tyrosine 1477 as the site of pp60c-src- Receptor tyrosine kinases are still able to signal when
mediated CHC phosphorylation during ligand-induced they are internalized into intracellular organelles (Di Gug-
endocytosis of EGFR. Tyrosine 1477 is conserved in the lielmo et al., 1994; Baass et al., 1995; Grimes et al., 1996;
three mammalian CHC sequences determined and in the Riccio et al., 1997). The purpose of a receptor tyrosine
CHC of D. melanogaster, D. discoidum, and S. cerevisiae kinase regulating endocytosis, upon ligand stimulation,
may therefore be to direct it to an intracellular location(Liu et al., 1995). Our structural analysis of the light
Clathrin Phosphorylation in EGF Endocytosis
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80% confluency) were stimulated with EGF stimulation, as above,from where it initiates additional signaling pathways.
and lysed in 20 mM Tris (pH 7.4), 137 mM NaCl, 10% glycerol, 1%Our finding that ligand-induced endocytosis of EGFR
NP40, 2 mM EDTA, 1 mg/ml pepstatin A, aprotinin and leupeptin,results in induction of SRC family kinase phosphoryla-
and 0.1 mM PMSF. From this lysate, pp60c-src, pp59fyn, and pp62yes
tion of clathrin and clathrin redistribution suggests that were immunoprecipitated using the antibodies 327, fyn3, and 2.7,
EGFR and other receptor tyrosine kinases actively deter- respectively. Immunoprecipitates were washed three times with ly-
sis buffer and twice with the kinase reaction buffer, 20 mM HEPESmine the subcellular location from which they carry out
(pH 7.0), 10 mM MgCl2, 0.5% Triton X-100, with 10 mM MnCl2 andtheir physiological functions by regulating clathrin-medi-
0.1 mM sodium pervanadate added immediately prior to use, fol-ated membrane traffic.
lowed by resuspension in 30 ml prepared substrate (denatured eno-
lase) with the addition of unlabeled ATP to a final concentration of
Experimental Procedures
1 mM and 0.5 ml of g-32P ATP (.3000 Ci/mmol, 10 mCi/ml) (NEN).
The mixture was incubated at 308C for 15 min and the reaction
Antibodies and Inhibitors
stopped by the addition of 10 ml of SDS-PAGE sample buffer and
Antibodies to clathrin, used in this study, were mAb X22 (Brodsky,
boiling for 5 min. Substrate was prepared by incubating 50 ml of 1
1985) and mAb TD.1 (NaÈ thke et al., 1992). Antibodies used that
mg/ml enolase with 50 ml of 50 mM sodium acetate at 308C for 10
recognize SRC family kinases were 327, anti-pp60src from J. M.
min, followed by neutralization with 60 ml 1 M Tris (pH 8.8) and 840
Bishop, University of California, San Francisco; 217, anti-pp62yes
ml of kinase buffer. Enolase phosphorylation was analyzed by SDS-
from J. Brugge, Ariad Pharmaceuticals; FYN-3, anti-pp59fyn (Santa
PAGE and autoradiography using BioMax film (Kodak).
Cruz Biotechnology); and 4G10 anti-phosphotyrosine (Upstate Bio-
To assay for EGFR kinase activity, EGFR was immunoprecipitated
technology Incorporated). Antibody 986 that recognizes EGFR was
from A431 cells using the antibody 986 prebound to protein
obtained from A. Sorkin (University of Colorado). For immunoblot-
G-Sepharose beads, then washed three times in immunoprecipita-
ting, secondary antibodies conjugated to horseradish peroxidase
tion buffer (20 mM Tris [pH 7.4], 137 mM NaCl, 10% glycerol, 1%
were from BioRad, and for immunofluorescence, secondary anti-
NP40, 2 mM EDTA, 1 mg/ml pepstatin A, aprotinin and leupeptin,
bodies conjugated to either fluorescein or rhodamine were from
and 0.1 mM PMSF), followed by three washes in kinase assay buffer
Jackson Laboratories. Kinase inhibitors herbimycin A, staurosporin,
(20 mM HEPES [pH 7.0], 10 mM MgCl2, 0.5% Triton X-100, with 10genistein, H7 (Calbiochem), and PP1 (Biomol) were dissolved in
mM MnCl2 and 0.1 mM sodium pervanadate added immediatelyDMSO and diluted into culture medium at the time of experimenta-
prior to use). The immunoprecipitate was then resuspended in 100 ml
tion such that the final concentration of DMSO did not exceed 0.1%.
of kinase assay buffer containing 1 ng EGF and 5 mg of recombinant
protein, either CHC hub domain (Liu et al., 1995) or CT-GST, a
Cell Lines, EGF Treatment, and Immunoprecipitation
fusion protein between glutathione-S-transferase and the regulatory
A431 cells (American Type Culture Collection) were cultured in Dul-
domain of EGFR (Nesterov et al., 1995).
becco's modified Eagle's medium (DMEM) (GIBCO BRL) containing
10% fetal calf serum (FCS) (GIBCO BRL) and grown to approximately
In Vitro Phosphorylation of CHC80% confluency prior to experimentation. For EGF treatment, A431
Recombinant pp60c-src was from D. O. Morgan (University of Califor-cells were serum starved in DMEM containing 0.1% FCS for 16 hr,
nia, San Francisco) (Morgan et al., 1991). Thirty nanograms ofchilled to 48C, and incubated with EGF at a final concentration of
pp60c-src was incubated with 5 mg of clathrin fragments (prepared250 ng/ml for 1 hr. EGFR endocytosis was initiated by warming the
as described by Liu et al. [1995]) in 10 mM MgCl2 and 10 mM MnCl2,cells to 378C by flotation on a 378C water bath. Two minutes prior
0.5% Triton X-100, and 20 mM Tris (pH 7.4) for 15 min, RT. Theto warming, sodium orthovanadate was added to a final concentra-
reaction was stopped by addition of EDTA (final concentration 2tion of 10 mM. After warming, cells were transferred to ice for 2 min,
mM) and SDS-PAGE sample buffer, then boiled for 5 min. The extentthen cell lysate was prepared and clathrin immunoprecipitated using
of tyrosine phosphorylation was analyzed by immunoblotting usingmAb X22 prebound to protein G-Sepharose (Pharmacia), as de-
mAb 4G10.scribed previously (Wilde and Brodsky, 1996). Immunoprecipitates
were analyzed by sodium dodecyl sulfate polyacrylamide (10%) gel
Construction of CHC Point Mutantelectrophoresis (SDS-PAGE) and immunoblotting (Wilde and Brod-
The cDNA encoding the human clathrin heavy chain (KIAA 0034)sky, 1996). Immunoblots were quantitated from appropriate expo-
was from T. Nagase, Kazusa DNA Research Institute Foundation,sures using the NIH image software.
Japan (Nomura et al., 1994). A single point mutation at positionB82 mouse L cells expressing EGFR mutants were a gift from
4429 (T to A) in the human cDNA was made using the StratageneG. N. Gill, University of California, San Diego, and were cultured in
QuikChange site-directed mutagenesis kit. Wild-type and mutantDMEM containing 10% dialyzed FCS and 500 nM methotrexate
cDNAs were first ligated into the pET23a vector (Novagen), 39 of(Chen et al., 1987, 1989).
the T7 epitope tag before being cloned into the eukaryotic expres-3T3 cells overexpressing pp60c-src (NIH[pM5Mcsrc/focR/EP]D4)
sion vector pCINeo (Promega). Plasmids were transfected into A431were from D. Shalloway, Cornell University (Lin et al., 1995). Lines
cells by using a calcium phosphate transfection protocol (Liu et al.,1S and 1T were from a mouse embryo with a homozygous deletion
1998) and selected in 500 mg/ml Geneticin (GIBCO BRL). T7 epitope-of pp60c-src, and 8S and 8T were produced from a wild-type embryo.
tagged Y1477F and wild-type CHC were detected using a mAbLines 1T, 8T (Thomas et al., 1991), and the line SY1T from mice
against the T7 epitope (Novagen).lacking both pp60c-src and pp62yes (Stein et al., 1994) were immortal-
ized by transfection with SV40 large T antigen. 1S, 8S, and the
Plasma Membrane Isolationline FY1S lacking both pp62yes and pp59fyn were 3T3-like fibroblast
The plasma membrane fraction of mouse fibroblasts was isolatedcultures.
by differential centrifugation following dounce homogenization of
EGF-stimulated cells in 20 mM MES (pH 6.5), 1 mM EDTA, andIndirect Immunofluorescence
255 mM sucrose (Corvera, 1990). Membranes pelleted by 15 minCells were cultured on glass coverslips, stimulated as described
centrifugation at 12,000 g, from the supernatant of a 10 min spin atabove, and fixed with paraformaldehyde for antibody staining, as
3000 g, were shown to contain all the cell surface biotinylated proteindescribed (Wong and Brodsky, 1992). Cells were viewed using a
from a test sample to confirm the presence of plasma membrane.Biorad MRC 1000 confocal microscope, and a single section 75%
These membranes were solubilized in 0.5 M Tris (pH 8.0) 1% NP40from the top of the cell is shown, except where specified otherwise.
and analyzed for associated clathrin by immunoblotting.Images were processed using Adobe Photoshop software.
EGF Internalization AssaysKinase Assays
A431 cells cultured on glass coverslips were serum starved for 2SRC family kinases were immunoprecipitated and assayed for their
hr, then incubated with 1 mM PP1 for 15 min at 378C. The cells wereability to phosphorylate acid-denatured enolase to measure activa-
tion (Feder and Bishop, 1990), as follows. A431 cells (approximately then chilled to 48C and incubated with 20 ng/ml of Texas red±labeled
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EGF (Molecular Probes) for 1 hr. Cells were warmed to 378C for 5 Chen, W.S., Lazar, C.S., Poenie, M., Tsien, R.Y., Gill, G.N., and Ro-
senfeld, M.G. (1987). Requirement for intrinsic protein tyrosine ki-min, transferred to ice, and stripped of cell surface±bound ligand
nase activity in the immediate and late actions of the EGF receptor.by incubation in ice-cold 0.2 M acetic acid (pH 2.5) containing 0.5 M
Nature 328, 820±823.NaCl for 5 min. Cells were fixed in 4% paraformaldehyde and viewed
using a Zeiss Axiophot microscope. The 1T and 8T cell lines were Chen, W.S., Lazar, C.S., Lund, K.A., Welsh, J.B., Chang, C.-P., Wal-
grown on coverslips coated with 20 mg/ml type IV collagen (Sigma) ton, G.M., Der, C.J., Wiley, H.S., and Gill, G.N. (1989). Functional
and 100 mg/ml poly-D-lysine and cultured for 16 hr in starvation independence of the epidermal growth factor receptor from a do-
medium (DMEM with 0.1% fetal calf serum, 20 mM HEPES). After main required for ligand-induced internalization and calcium regula-
chilling to 48C, cells were exposed to mouse submaxillary gland tion. Cell 59, 33±43.
EGF conjugated to Oregon green 514 (Molecular Probes) at a con- Connolly, J.L., Green, S.A., and Greene, L.A. (1981). Pit formation
centration of 1 ng/ml, still at 48C in starvation medium, for 1 hr. and rapid changes in surface morphology of sympathetic neurons
Cells were then washed in starvation medium and fresh starvation in response to nerve growth factor. J. Cell Biol. 90, 176±180.
medium added at 48C. Cells were then transferred to a 378C water Connolly, J.L., Green, S.A., and Greene, L.A. (1984). Comparison of
bath and at designated time points put back on ice and acid rapid changes in surface morphology and coated pit formation of
stripped, as above. Cells were then fixed and viewed with a Zeiss PC12 cells in response to nerve growth factor, epidermal growth
Axiophot microscope. For 125I-EGF uptake experiments, 1T and 8T factor, and dibutyryl cyclic AMP. J. Cell Biol. 98, 457±465.
cells were serum starved overnight, as above, and incubated at 48C
Corvera, S. (1990). Insulin stimulates the assembly of cytosolic
with 125I-EGF (mouse submaxillary gland [ICN]) at 0.032 ng/ml. To
clathrin onto adipocyte plasma membranes. J. Biol. Chem. 265,
establish background binding, unlabeled EGF (Boehinger Mann-
2413±2416.
heim) was added at 1 mg/ml to two samples. Samples were then
Di Guglielmo, G.M., Baass, P.C., Ou, W.-J., Posner, B.I., and Ber-washed with cold starvation medium and transferred to a 378C water
geron, J.J.M. (1994). Compartmentalizaton of SHC, GRB2 andbath for designated times of internalization, then the cells were
mSOS, and hyperphosphorylaton of Raf-1 by EGF but not insulin inimmediately chilled, the supernatant removed, and cells were acid
liver parenchyma. EMBO J. 13, 4269±4277.stripped. The cells were solubilized in 1% NP-40, 150 mM NaCl, 50
Fallon, R.J., Danaher, M., Saylors, R.L., and Saxena, A. (1994). Defec-mM Tris (pH 7.4), and the cell lysate (X), the acid strip (Y), and the
tive asialoglycoprotein receptor endocytosis mediated by tyrosinesupernatant after binding (Z) were counted for 125I-EGF. The percent
kinase inhibitors. J. Biol. Chem. 269, 11011±11017.internalization was calculated by X/(X1Y1Z). Background binding
Feder, D., and Bishop, J.M. (1990). Purification and enzymatic char-was not subtracted, as it was typically ,2% of the total counts
acterization of pp60c-src from human platelets. J. Biol. Chem. 265,bound. However, stripping efficiency was taken into account by
8205±8211.measuring the percent count bounds after 0 min of warming and
stripping. This number, typically 10%±15% of the total counts Felder, D., Miller, K., Moehren, G., Ullrich, A., Schelssinger, J., and
bound, was subtracted from the percent internalized before plotting, Hopkins, C.R. (1990). Kinase activity controls the sorting of epider-
so that internalization at time 0 was 0%. mal growth factor receptor with the multivesicular body. Cell 61,
623±634.
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